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By Richard P. Krebs, Seymour C. Himmel
Darnold Blivas, and Harold Shames

SUMMARY

An investigation.of the dynamics of a turbine-propeller engine
was made in the NACA Iewis altitude wind tunnel employing the
frequency-response technique for a range of pressure altitudes from
10,000 to 30,000 feet.

The investigation showed that the dynamic responses generaliged
for pressure altitude over the range of frequencies Investigated.
Further, the dynamlc-response characteristics at any altitude counld
be predicted from steady-state-performance characteristics at one
altltude.

A single run ylelded the dynamic response of the englne-
propeller cambination and of the propeller slone. From these
responses the dynamic response of the engline alone. was synthesized.

The generallzed time constants were found to be approximately
1.0 second for the engine-propeller combination, 0.36 second for
the propeller alone, and 2.4 seconds for the engine alome.

TNTRODUCTION
Accurate knowledge of the dynamic-response characteristics of
gas-turbine-propeller englnes and the factors that affect these
characteristics are of great importance in ths design of quick-
acting, stable controls for this type engine. The term "dynamic
response” refers to the menner In which the engine adjusts 1tself

to changes in its Independent varlablesy and to the rapidity of
these ad justments.

A theoretical analysis (reference 1) has related the dynamic

response of the engine-propeller combination to the steady-state-
performance characteristics and to the polar moment of inertia of
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the system. The analyels is extended herein to include a method of
determining the dynemic response of the engine alone and of the
propeller alone. Effects of altitude on the dynamlc rssponse are
also indicated by theory (references Z and 3), which affords a meeans
of predilcting the dynamic response at altltude from sea-level data.

In order to obtaln experimental verification of these analyses,
the steady-state-performance charscteristics and the speed respomse
of a turbine-propeller engine and its components to sinnsoidally
varying fuel flows over a range of pressure altitudes from 10,000 to
30,000 feet were Investigated in the NACA Lewls altitude wind tunnel
and are presented herein. A second purpose of the investigation ia
to demonastrate the process by which a third characteristic can be
obtalned by synthesis if any two of the dymamic characteristics
(that of the englne alone, of the propeller alone, or of the engine-
propeller combination) are lmown.

ANALYSIS

The behavior of the engine in progressing from one steady-state
condition to snother i1s described by the dynemic response of the
engine. One of the most convenient ways of measuring dynamic
response is by displacing the engine from lts steady-state operation
through the introduction of a specific dilsturbance into one of the
independent variables. Ths applied disturbance instigates changes
in the values of the engine dependent variables, and if certain of
these variables sre measured.and analyzed the dynamic response of
the engine can be determined. If the engine 1s a linear system, any
type of applied disturbance should give the sgame dynamic response.

Forcing Function

Several techniques involving different disturbing functions
and different analyses have been used in dynamic-response determina-
tions. The step function has been found to be applicable in Inves-
tigatlions involving radio, telephons and television amplifiers, and
telephone transmission lines. Thias method has the advantages,
especially in electrical. work, of requiring very simple equipment
to produce the forcing functian and of requiring a miniwum of time
for the actuael execution of the test. Qualitative results can be
obtained without the application of extensive mathematics, but
quantitetive data, 1f the system has several energy storage units,
require involved calculstions or mechanical computers. '

=
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In mechanical or hydraulilc systems, it im difficult to realize
a true step input. In a previous unpublished investigation of a
turbine-propeller engine, however, inputs in both blade angle and
fuel flow, which approximated a step change, ylelded satisfactory
dynamlc-characteristic data, with the help of a mechanical analyzer.

For the Investigation described herein, the sinusoidal forecing
function at several frequencies was used. The sinusoidal technique
has the following advantages: First, because & gine wave passes
through a linear system undistorted, the wave shape of all the
engine varlables 1s sinusoidal; accordingly, any component of the
system can be analyzed by considering the variation of one varisble
as an Input functlion and the variatlion of some other variable as an
output. Second, the mathematics involved in determining the dynamics
of & system from frequency-response data are very elementary.

The use of the sinusocidal techniqgue to determime the dynamics
of a gystem has the dilsadvaentage that a large quantity of data nuet
be taken. Obtaining the date and translating it into a usable and
analyzeble form is time-consuming and laborious. Furthermore, &
complete description of the system dynamics requires a knowledge
of both the amplitude respomse and the phase displacement as a
function of the frequency of the applied sinuscidal forcing
function.

Engine Equaticns and Time Constants

The analysis presented in this report 1s based on the following
assumptions: At constant altitude and ram,

(1) Engine torque for small excursions from the steady-state
point 1s & linear function of fuel flow and speed, or

Q = Qg (WfJN) (B1)
(Definitions of the symbols used herein are given in eppendix A.)

(2) Propeller torque for amall excursions from the steady-state
point is a linear function of blade angle and speed, or

Q = Qy (B,N) ' (B2)

(3) The only energy-storage units are the engine and propeller
ineYtias. : o :
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&

(4) The engine operates dynamically in & gquasl-static state
(reference 4). :

From the foregoing assumptions and the mathematical develop-
ment in appendix B, it follows that the response of engine speed
to a change in elther fuel flow or shaft torque 1s that of a first-
order lag system.

For comstant engine fuel flow with a variation In blade angle
producing the change in shaft torque, the response of engine speed
to shaft torque le gliven by :

<%g’;)wf ="(3% = (58)

BN)Wf * ToP <

Regardlese of the type of experimental technique used, dynamic
response for a system defined by an equation similar to equation (B8)
oen be described by a characteristic parameter, the time constant
of the system. The time constant may be variously described as the
time required for the response to reach 0.63 of 1ts flnal value
with a step functipn imposed on the system, the reciprocal of the
frequency at whieh the response falls to 0.707 of its zero-frequency
value with & sinusoidal variation spplied to the system, or the
reciprocel of the frequency at which the phase angle between the
sinusoidal Fforcing function and the response is 45° (corner or break
frequency). The synonymlty of these definltions for the time com-
stant)has been frequently indicated in the literature (references 5
and 6).

The time constant in the response given by equation CEB) is

o To (89)

Te )
©
<-SE)Wf

The quentities on the right-hand side of equations (B8) and (BS)
are concerned only wlth the engine, The dynamic response and the
time constant for the engine ‘alone are similer to those for a
turbojet engine (reference 3).

66ST
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When the blade angle is held constant and & varylng fuel flow
is appllied to the engine, the engine produces a varying shaft torgque.
The dynemlic response of propeller speed to shaft torque is then a
functlon of the propeller alone. The response is glven by

AN 1 |
(A_Q:.)B ) (53.2) : Ip (812)
oN /8

The corresponding time constant is

Ty = ?BIZ)B (B13)

oN

The regponse of engine speed to fuel flow at constant blade angle
1s given by ' o '

(&)
(ﬁ%) - T ii L (s15)
B (2=
, aN)Wf * <8N )B + (‘Ie"'Ip)P
The assgociated time constant 1s
- Tetlp (B16)

B )

Further, equation (B15) shows how the engine and propeller character-
istics combine to glve the engine-propeller characteristic (speed -
fuel-flow response). 'If either the engine or the propeller is used
in a different combination, that part of the dynamic response of the
new combinatiom contributed by the orlglnal engine or propeller will

be unchanged.

The response of the engine, the propeller, or the englne-
propeller combination may be determined if any two of the dynamio
characteristics are known (appendix B). A synthesized dynamic
response for the englne may be computed from the equation
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B e

and the synthesized time consbtant is

), @] @),

o

Equations (B8), (BS), (B12), (BL3), (Bi5), (B18), (1), and (B28)
mey be presented in generalized form by multlplying each varlable
by the appropriete correction factor as shown in appendlx B.

(B28)

For example, the time comstant .for the engine as defined by
equation (B9) becomes

Ty O = To
° 46 (aQe/B)

ONA'B w:E‘,corr

(B18)

in which the quantity on the left 1s referred to as the "corrected
time constant”" and Wf,corr ig the corrected fuel flow.

This correction, although applied to a specific time, namely
the time constant, can be applied to tlme in general. Because
frequency is a function of time 1t is simllarly generalized to a
corrected frequency wa/8/5.

It should be noted that the corrected time and corrected
frequency Just described are useful In describing the responses
of systems involving only aerocdynamlc and inertia forces.

1399
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APPARATUS AND INSTRUMENTATION
Wind ~Tunnel Installation

The turbine-propeller engine inpvestigated was installed in a
wing supported in the 20-foot-diameter test section of the NACA
Lewis altitude wind tunnel (fig. 1) where it was possible to subject
the engine to simuleated comditions of sltitude pressure, temperature,
and flight speed. )

Engine and Propellgr

The englne has a nomlnal rating of 3670 shaft-horsepower and
1150 pounds of Jet thrust under sbatic sea-level conditlons at an
engine speed of 8000 rpm and & tail-plpe ggs' temperature of 1004° F.

This engine, which is schematically, ] 'Bwn in figure 2, has
a l4-stage axial~flow compressor directly coupled tg a two-stage
turbine. An eight-blade, counter-rotating, hydraulically oper-
ated propeller 1s driven by a gear traln conta.ining & hydraulic
torquemeter.

Alr entering an anmmular inlet, located well back of the
propeller, is turned through 180° and fiows foyward through the
compressor. Upon leaving the compressor, the alr 1s again turned
180° and flowse through 11 can-typ& combustion chambers radially
located around the compressor casing. After burning, the hot gases
pass through the two-stage turbine and out the flxed-area tall pipe.

Fuel System

For the dynamic Investigation with variable fuel flow, fuel
was supplied to the engine by an auxiliery fuel pump. A schemstic
diagram of the fuel system used 1s shown in Fflgure 3. ThHe fuel
flowed from the pump through a throttling valve to the fuel dis-
tributor where the malin stream was dlvided into 11 parts and
distributed to each of the combustlon chambers. Each combustlion
chamber contained & fuel wvaporizer, which operated on a comparea-
tively low fuel pressure. The throttling valve was used to decrease
the fuel-distributor pressure at hlgh altitudes and ye'b malntain a
high pump operating pressurs.

The fuel-plmp-outlet pressure was determined by an external,
variable control-oll pressure and is linearly related to this pres-
sure (reference 7). Thus, sinusocidal fuel pressures were achleved
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by impressing a silnusocidal varisble control-oll pressure on the pump.
An accumulator introduced the predetermined base control oll pressure,
and an hydraulic sine-wave generator comsisting of a circular cam
driving & piston in an hjdraulic cylinder imposed a sinuscidal pres-
sure on the base pressure (fig. 3). Variable frequency was obtalned
by ueing a continuously-veriable-speed transmission. Variable ampll-
tudes were obtained by using a phase-changing mechanism and a flow-
control valve. A detalled description of the pump and sine-wave
generator is presented in reference 7. The time constant of the pump
(at the speed at which 1t was operated) is 0.03 second.

Instrumentation

Measurement of engine variables for dynamic testing of the englne
requires fast-responding instrumentation in order to obviate the
necesslty of correcting the data for dynamic errors introduced by
the instruments. Further, lnstruments of high sensitlvlity are
required to measure the small -changes In the engine varlables during
dynamic testing. The nature of these highly sensitive, fast-
responding instruments is such that absolute values of the variables
measured must be cobtained by calibrating the dynamic lnstruments
againat accurate but slower-responding instruments at steady-state
points for each given run. For these reasons two sets of instruments
were used, one set for steady-state operation and calibration pur-
poses and the other set for dynamic measurements, with response times
that are fast in comparison to that anticipated for the engine.

Steady-state instrumentation. - For steady-state operation,
pressures of the working fluld were measured by water and mercury
mancmeters and were photographically recorded. Temperatures were
obtained by iron~-constantan and chromel-alumel thermocouples and
were recorded by self-balancing potentlometers. The location of
the various instrumentation stations throughout the engine are shown
in Pigure 2. The following other engine variables were measured:
Fngine speed was measured by & stroboscopic tachometer, tordue by a
plston~type torguemeter located in the gear +iraln, torguemeter pres-
sure, fuel-distributor pressure, and fuel-pump control-oil pressure
by Bourdon gages, and fuel flow by rotemeters.

Propeller pitch was determined by a plich indlcator attacked to
one of the blades of the rear propeller. The pitch indlcator con-
sisted of an accurately wound slide wire, rigldly attached to the
shank of the blade, the wire being an element of a potentiometer
circuit. A spring-loaded brush attached to a flange on the propeller
assembly rode on the slide wire as the wire moved relative to the

1399
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brush. The signals thus obtained and the volitage across the slide
wire were carried to a nonrotating point through three slip rings
located on the rear diapbragm of the propeller assembly. This signal
was then sent to a microanmeter, which gerved as the Indlcating
device.

Dynamic instrumentation. - For dynamic operation of ‘the engine
the following instrumentation was used:

Torguemeter pressure and fuel-pump conitrol-oll pressure were
measured by strip-chart pressure recorders whose sensing elements
were Bourdon tubes. These Bourdan tubes in the recorders have a
flat frequency response well past 6 radians per second. All the
tubing that led to the sensing points and the Bou:cdon ‘tubes were
filled with oll.

In order to malnbtain accuracy and semnsitlvity over the range of
altitudes emcountered, two sets of instruments were used FPor sensing
these pressures; one set was used for altitudes below 20,000 feet
and the other set for 20,000 feet and above. Records of typical
torgue and variable control-oll pressure traces are shown in fig-
ures 4{a) and 4(b).

Engine speed was sensed by a direct-current tachameter driven
off one of the accessory pads of the engine. The tachameter oubtput
was sent throvgh a low pass filter to abttenuate the extraneous
sigonals and thence to the oscillograph. The time constant of the

' complete circult was less than 0.05 second.

Though not used in thls report, compressor-ovtlet temperature
(station 2) and tail-pipe temperature (station 5) were sensed by
special chromel-constantan thermocouples Installed at these points.
These thermocouple signals were fed dilrectly into the oscillograph
for recording. Certain pressures within the engine and the tunnel-
air-stream dynamlc pressure were measured with strain-gage pressure
transducers whose oubtputs were recorded by the oscilllograph..

A1) measurements in the form of electrical signals were
recorded on a mmltichannel galvanametric oscillograph. The elements
of the oscillograph had a natural fredgquency of 40 cycles per second
and the input circuits were designed to critically damp these
elements. A typical record from this instrument is shown iIn

Figure 4(c).
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PROCEDURE

1399

In order to determine the dynamic cheracteristics of the
propeller and the engine-propeller combinatlion, sinusoldal varla-
tione at various frequencles were applied to the engine fuel flow,
with the engine operating at pressure altitudes of 10,000, 20,000,
and 30,000 feet, with an engine-cowl-inlet temperature of approxi-
mately 10° F and a tunnel Mach number of 0.24.

The mean condition for the sinusoidal investigatlon was set at
7600 rpm (the maximum oontinuous-cruilsing speed of the engine) and
a tall-pipe temperature of approximately 875° F (estimated to be
20° T below the compressor stall limit at that speed). These settings
were made by independently adJjusting both fuel flow and blade angle.

At the meen condition for the dynamic investigation, the blade-
angle controller was locked and the sine-wave generator was brought
into operation. The amplitude of the input fusl-flow sine wave was
ad justed to approximetely the same increment as corresponded to &
100 rpm change during steady-state operation. Before the dynamic

records of several cycles were taken, sufflcient time was allowed .

to elapse, with the engine running sinuscidally, to permlit any
transients in the sine wave to dle out. The procedure was repeated

for a number of frequencies between 0.2 and 6.0 railane per second. -

A series of frequency-response runs at several input amplitudes
wes also meds at a pressure altitude of 20,000 feet. The dynamic
instruments were calibrated at the begimming and the end of each
geries of frequency runs by recording steady-state data at several
operating points about the mean operating condition for the sinu-
soidal runs on both dynamic and steady-state instruments.

Steady-state performance maps were determined from constent
engine-speed and constant blade-angle runs at the three altitudes.

PRESENTATION OF DATA

In presenting the results of the application of the sinusoildal
technigue for the determination of dynamic responses, the data are
shown in plots of amplitude response and phase engle as a function
of the frequency and corrected frequency of the applied inputs.

For this particular investigation, the dynamic responses of engine
speed to Puel flow and engine speed Lo shaft torque, measured in

the gear trein between engine and propeller, at constant blade angle ‘

are considered. It has been shown that these two responses glve the
dynamic characteristics of the engine-propeller combination and of

the propeller alone. )
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The amplitude response to a sinusoldal forcing function is
glven as the magnitude of the change in a dependent quantity,
deslignated the output, divided by the corresponding change in the
forcing function, designated the Input. Becauge the dynamic char-
acteristic depends on the relative change of the amplitude response
with frequency, the data in this report have been normaslized by
dividing the amplitude response by 1ts value at zero frequency,
which brings the response to unity at low frequencies.

In presenting dynamic-response data in this report, the engine
fuel flow has been assumed to be linearly related to the variable
control-oll pressure of the fuel pump for small amplitude fluctua-
tions of the wvariable control-oll pressure. A typical relatiom
between changes in variable control-oil pressure and the assocciated
changes in engine fuel flow is shown in figure 5. The range of
variable control-oll pressure shown is greater than those changes
encountered during the sinusoldal investlgation. The linear relation
in the magnitudes 1s apparent. The cormer frequency of the pump was
more than five times the highest frequency impressed on the engine
(reference 7) and therefore the dynamics introduced by the pump have
negligible effect on the amplitude respomse of the system but slightly
affect the phase response.

RESULTS

In accordance with the ANALYSIS, the dynamic responses of the
engine, the propeller, and the engine-propeller combination are
predicted from the slopes of the steady-state speed-torgue curves.
Experimentally, the dynamic respomses of the propeller and the engine-
propeller combination are obtained from the comstant-blade~angle,
sinusoldal fuel-flow investigation. By a process of synthesis, the
dynemlic response of the engine alone is obtained from the results
of the constant-blade-angle dynamic investigation. The dynamic
responses obtained from the sinusoidal fuel-flow lnvestigation are
compared with those predicted from the slopes of the steady-state
performance curves.

Steady~-State Characteristics

Engine. ~ The engine steady-state characteristics are shown in
figures 6 and 7 wherein curves of corrected torque and corrected
tall-pipe temperature, respectively, are plotted as functions of
corrected engine fuel flow for constant corrected engine speeds.
Data were taken at simulated altitudes of 10,000, 20,000, and
30,000 feet and a free-siream Mach number of 0.24.

1l
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With reference to the ANALYSIS it can be seen that to determine
the dynamic response of the engine at a particular opereting condi-
tion it is neceseary to lnow the slope of the torgue-speed constant-
fuel-flow curve at this operating point. For the dynamic runs, the
basic operating point was determined by a choice of engine speed and
tall-pipe temperature; the values selected were 7600 rpm and approxi-
mately 875° ¥, respectively.

In order %o obtain the torque-speed curves alb constant fuel flow
at the mean condition for the dynamic runs, the following procedure
was used: Cross plots from the corrected tail-pipe temperature -
corrected fuel-flow curves (fig. 7) were made for the specific values
of corrected tall-pipe temperature that prevailled at the mean condi-
tion (shown in the subsequent table) for the sinusoidal runs at the
three pressure altitudes investigated (fig. 8). The corresponding
mean corrected fuel flows were determined by emterlng this plot
(fig. 8) at the appropriate corrected mean engine apeed for the
three altitudes. Cross plotas of the curves of figure 6 were then
mede for the values of fuel flows thus determined to give ths torque-
speed curves of figure 9.,

The corrected torque and the corrected tail-plpe temperature do
not have the same value for a glven correctod engine speed and fuel
flow at all altitudes (figs. 6 and 7). For a limited range of engine
speed, however, the curves of fignre 9 indlicate that the aslopes of
thse torque-speed curves atbt a glven corrected speed and nearly
identical corrected fuel flows have approximately the same value for
pressure altitudes between 10,000 and 30,000 feet. Tho gensrallrzed
dynamic response predicted from the slopes of the steady-state curves
will therefore be nearly the same for all altitudes investigated.
Further, this similarity of dynamic responses has resulted from an
engine the baslc parameters of which fall to gensralize for the
range of altitudes investigated.

The slopes of the constant fuel-flow curveas (fig. 9) and the
resultant characteristic of the emgine dynamic response, the cor-
rected time constants as determined by equatiom {B18) of appendix B,
are given in the followlng table: ‘

1398



1399

NAGCA EM ESO0J24

Pressuxre Mean Mean Moan Slope ol Corrected
altitnde ] carrected |corrected| corrected -sta‘be +lme
(£t) | tail-pipe | engine ' [fuel fiow constant
tanp%-ature speei)l {(1b /) ( 1o B
(°B) {rpm aﬂﬁgwf oarr{ 'V?
{in I‘t—sec) 8ec
10,000 1504 7960 3020 3.3 ! 2.4
20,000 1487 8000 2325 3.2 ] 2.5
30,000 lé_SB 8020 2880 3.3 2.4

These corrected time constants for the engine alone generalire
within the accuracy attributed to the data. This correlation indl-
cates that the corrected engine dynamic responses as predicted From
the slopes of the steady-sbate curves are nearly constant far the
altlitudes considsred.

Propeiler. - The propelier steady-state characteristips axre
shown in figmre 10 whereln carrvected torgue is plotted as a Tunchtion
of carrected engline gpeed abt constant blade angles. Daba were taken
at pressure altlimdes of 10,000, 20,000, and 30,000 feet at an emgine
inlet-air temperature of approﬁmtel: 1G° ¥ end & froe-stroam Mach
nymber of 0.24.

The blade angles foar the curves af figmre 10 were chosen so0 that
a2t an engine speed of 7600 rpm the tail-pipe temperatinrs would be
approximately 8752 F. It should be noted that mnidsr these comditions
neither the propellexr-blade angle nor the carrected torgne has the
same values at all aliitudes for a given value of corrected engine
speed. For a considerable range of carrected engine speed, however,
the corves of fignre 10 indicate that the slopes at a given engine

* spesd are nearly the same for altitvdes between 10,000 and

30,000 feet. Therefore, es for the emgine alone, generellzation
of the dynamic response of the propeller alane is predicted.

The slopes of the canstant-blade-angle cuorves (Tig. 10) =md
the resultant carrected propeller iime constants as debermined by
squation {B20) of apperdix B at the tiree pressure altitnles arse
given in the following tabls:

13
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Pressure |Blade Mean Mean - Slope of Corrected Q.
altitude|angle | corrected |corrected|steady-state time 0
(£+) (deg) | tail-pipe | engine curve constant
temperature| speed BQ@ ) T B
(°R) (rpm) aNA/G/ g P T
(1b-ft-sec) (sec)
10,000 | 38.5 1504 7960 7.4 0.36
20,000 35.4 1487 8000 7.5 35
30,000 | 34.3| 1456 8020 7.4 .36

These corrected time constante for the propeller alone
generalize within the acocuracy of the data, implying good correla- .-
ticn of the corrected dynamic responses of the propeller for the r
range of altitudes investigated.

Tngine~propeller combination. - The dynamic responee of the -
engline-propeller combination can be computed from the combined
eslopes of the torque-speed curves at constant blade angle and
constant fuel flow. The sum of the two slopes and the resultant
corrected time constants, characterigatic of the dynamic respomses,
at the three pressure altitudes are gliven in the following table:

Pressure Summation of slopes " lCorrected
altitude| of steady-state curves time
(£t) /5 \ (3Q/5> constant
= B
-
INNes Wf , corr SN/Me/gl To Ve
_(lb-ft—sec) (sec)
16,000 10.7 0.99
20,000 10.7 .99
30,000 10.7 .99

As would be expected, because the dynamlic responses of both

the engine and propeller very nearly generalized for the pressure .
altitudes investigated, those responses of the comblnation likewise
generalized. .
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Linearity Investigation

One of the assumptlons made in the ANALYSIS for the dynamlc
response was that the engine, the propeller, and the engine-
propeller combination could be treated as linear sysiems over a
limited range of the variables. Two of the functions that deter-
mine the dynamic response of the engine, the propeller, or the
cambination are the slopes of the torque-ampeed curves (figs. 9
and 10). These slopes do not change appreclably within a limited
renge of operating conditions. The assumption of linearity is
therefore validated in the steady state and the possibility of
dynamlc response linearity is predicted.

When the englne is passing from ome steady-state condition %o
another, however, or when it is operating in some condition other
than equllibrium, it is possible that certain dynamic phencmena
may be present that wonld introduce nonlinearities into the dynamic
regsponse. In order to investligate the possibility of dynamic
response nonlinearity, frequency-response runs at three different
fuel-flow amplitudes et constant blade angle were made at a pres-
sure altitude of 20,000 feet. The amplitude response of the
engine-propeller comblnation for these runs is shown in Ffigure 11.
The curve represents the average of the data points. The data
polnts shown are for constant-amplitude sinusoidsal veriations in
fuel flow of 100, 180, emd 300 pounds per hour peak to peak. The
distribution of the data points about this mean curve shows no
consistent trend wlth increasing input amplitude up to 300 pounds
per hour, which corresponds to & speed change at zero frequency of
500 rpm peak to peak and is approximately 20 percent of the engine
operating speed range. Therefore, within this range the engine-
propeller combination may be considered free from any gross dynamic
nonlinearity.

.

Dynamlc Characterilstlics

Engline-propeller combination. - The ANALYSIS shows that the
dynamic response of the engline-propeller combination can be obtained
from the constant-blade-angle, varisble-fuel-flow dynamic investiga-
tlon. The results pertinent to the determination of engline-propeller-

“ combination dynamlics are shown in figure 12. The amplitude and the
phase response at pressure altitudes of 10,000, 20,000, and
30,000 feet at a base engine speed of 7600 rpm and & tall-pipe
temperature of approximately 875° F are shown in figure 12. The
amplitude data shown for a pressure altitude of 20,000 feet are
the averages of the data from the linearity investigation; phase-angle
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data were not abtalned for these runs. The first-order isg system °
predicted By the ANALYSES ie barne out by the amplitude-response
data of figure 12(a), which is primarily the response of such a
system. The phase responses of Figure 12(b) show a phase lag in
excess of 90°. These phase angles greater than those of a first-
order-lag systar are considered to ariese from lage in the engine
fuel system, posalble dead time In instrumemtation lines, or both.
The data of figure 12(b)} show the phase asngles that would have to
be conslidered In the design of & controel in which the varlable-
control oil pressure wonld be reguleted by the output of the engine
tachometer. The Iocus disgram for the engine-propeller cambinstion
is shown In Flgnre I12(c}. '

The cornesr frequencies of the primary flrst-order respomses,
as determined from the amplitude response curves and the corre-
sponding time constants for the engine-propeller combination are
glven in the folilowlng table:

Pressure} Corner Eime Corrected
slitltudef frequency)constant|time constent
(£t} | (rad/sec) Te T, KN

{sec) Ng

{sec)

1¢,000 .74 1.4 1.8
20,000 | 47 2.1 1.00
30,000 | «32 E F.) <97

The data of figure 12 sre replotied In fignre 13 using the
corrected Prequency developed in the ANALYSTIS.' The dynemic respomses
generealize for altltude throughout the corrected frequency range
investlgated wlithin the accuracy of the data. The corrected corner
frequehcy and the corresponding corrected time cometant of the
primary first-order lag for the engine-propeller combination, as
determined from the smplitude response curve of figure 13, are
1.01 radispe per second and ¢.89-second, respectively.

~

Propeller. - The ANALYSES section shows that the dynamic
response of the propeller can be obialined from the comstant blade-
sngle, verisble fuel-flow dynemic Investigation by consldexing the
torque sz the fnput end the speed as the oulpot of the sysbem. The
propeller Is conasidered to be s syetem having only asrodiynamic and
inertia forces acting on It end the propellier is showm to be &
flrst~order lag system.

1389
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The experimentally determined dynamic response of the propeller
is shown In figures 14 and 15 as the amplitude and phase response of
engine speed to shaft torque. Shown in figure 1l4(a) are solld curves
through the data polints and, in view of the ARALYSIS, dashed first-~
order curves that best fit the data points. The so0lid curvds depart

 from the dashed curves as though there were an additional lead in the

system. The phase response is in agreement with the amplitude data.
The dynamics of the propeller are involved In the response of the
engine-propeller combination; because a ges-turbine engine alone

hes been shown to be primarily & first-order lag system (reference 3),
it can be analytlically shown that the propeller must be a first~order
lag to obtain a first-order lag response for the combination. In the
speed-torque relation for the propeller response (fig. 14(a}), the
speed data used is the same as that used to determine the response

of the combinatlon; therefore, the most plausible explanation for

the divergence of the response date from the first-order system was

a lag in the measured torgue that would manifest 1tself as a "lead

in the propeller dynamlc response.

From the foregoing conslderations, the primery first-order lag
is considered to be due to the propeller; the corner frequencies
and corresponding time constants for the three altitudes are given
in the following table: '

Pressure| Corner - Time Corrected
altitude|frequency |constant [time constant
(£6) | (red/sec) | 1 . B

P
(sec) o
(sec)
10,000 1.75 0.57 C.41
20,000 1.40 .71 .35
30,000 .90 1.11. 35

The data of flgure 14 are replotited against corrected fre-
quency in figure 15. These data have been treated in a manner
similar to that used for the data of figure 14. The lag of the
propeller dynemics for the three altitudes merge on the amplitude
plot (fig. 15(a)) to form a single corrected lag with a corrected
corner frequency of 2.73 radians per second corresponding to a cor-
rected time constant of 0.37 second.

17
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The dynamic responses obtained from the steady-state slopes
and those glven by the dynamic runs are compared in the following
table, wherein the comparison 1s placed on a guantitative basis by
conglderation of the time constants obtained from the steady-state
curves and time comstants of the primary first-order lags found
from the dynamlc runs:

Dynamio runs Steady-state runs
Pressure|{Correotion] Corner Time | Coxrrected Steady-etate slopes Carrected
altitude| factar |frequency oonstant time (ﬁ& . (&@ time
£y rad T tant t
U LV Rl BV B L0 R C7 0 R
{ib~tt-sec) Yo
(sec) (eec)
Engine- 10,000 0.72 0.74 l.4 1.00 10.7 0.99
propeller .
combination 20,000 .48 AT 2.1 - 1.00 1a.7 .99
30,000 .31 .32 5.1 957 10.7 .98
(alﬂg)a
Propellex 10,000° c.72 1.78 0.57 0.41 7.4 0.36
20,000 48 1.40 ra R .35 7.5 35
30,000 .31 .80 1.1l 35 7.4 36

This table shows -the followlng resultis:

Inerease in time

conatant with pressure altitude, reduction of the time constants
to a single value for a range of altitudes by means of the correc-

and good agreement between the time constants

tion factor B/4F,

computed from steady-state slopes and those measured by the dynamic

invegtigation.

Analytically, the change in the dynamic response with altitude is
explained by ‘equations (B8), (Bl2), and (Bl5) by a reduction of the

slopes of the torque-speed curves.

Physically, the slower-acting

gystem can be explalined by the decrease 1ln available torque at

sBET

-
| w
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altitude due to the reduction of air density and a consequent reduc-
tion In the change of torque for a glven change of englne speed.

The polaxr moment of inertlas, being a function of the dimensions and
materiels of the rotating parts, remains constant. Consequently,
with a constant moment of inertia and a reduced Increment in the
asrodynamlic forces as sltitude iIncreases, a slower-responding system
results. Quantitatively, the time constants have & range of 1:2
over the range of pressure altitudes from 10,000 to 30,000 feet.

The effect of air pressure and temperature is shown by nodifying
the time constant by the factor S/Vg' to gilve a corrsected time

&
constant 7T —=

4@’
The application of thls factor to the measured time constants brings

which the theory shows to be Invariant with altitude.

19

them into close agreement for the altltudes investigated. This agree-

ment of the corrected time constanis 1s considered to be within the
accuracy of the data.

The values of corrected time constants determined from the
dynamlic investigatlon and those calculated from the steady-state
data agree, as can be observed from the preceding table. The
average value of the corrected time constant determined from the
dynemic investigation for the engine-propeller combination is
0.99 second, which is the sams as that found by the steady-state-
slope method, and the corrected time constants attributed to the
propeller are 0.37 and 0.36 second, respectively. The data of this
report bear out the theory that the dynamic responses at altltude
can be predicted from sea-level-performance tests.

For a turbine-propellier emgine, the followlng dynamic responses
are of major interest for control purposes: +the engine alone, the
propeller alone, and the engline-propellsr combination.

If the moments of inertia of the componenits are known, the
dynamic responses may be determined from the steady-state character-
istics. If the moments of inertia are not known, the response of
the components and the combination may be determined by synthesis
from the steady-state performence characterlstics and a single
dynamic run employing the technique of frequency-response testing.

The corrected time consbant of the engine alone has been
computed from the dynamically determined time conetants for the
propeller and the englne-propeller combination by nse of egqua-
tion (B29) for the three alititudes for which dynamic data were
avallable. These time constants for the engine alone are tabulated



20 L] NACA RM ES50J24

in the fPollowing table along wilth the corresponding time constants
as determined by the momente of inertia and the slopes of the
torgue-speed curveg: '

Pressure|Corrected time|Corrected time
altitude constant by constant by
(£5) synthesis moments of

(sec) inertia and
slopes
(sec)
10,000 2.2 2.4
20,000 2.6 2.5
30,000 2.3 2.4

The time constants for the engine alone determined by synthesis of
the dynemlic data agree with those obtained by the steady-state
alopes wlthin the accuracy of the data.

SUMMARY OF RESULTS

The following results were obtained from an investigation of
the dynemic characterlistics of a turbine-~propeller engine in the
NACA Lewls altitude wind turmel. For the dynamic phase of the
investigation, the engine was subjected to sinusocldal fuel flows
at varying frequency over a range of pressure altitudes from
10,000 to 30,000 feet.

1. The dynamic response of the emgine-propellexr combination
was found to gemeralize for altitude over the range of frequencies
investigated. The corrected time constant, which characterized the
primary first-order lag of the combination had a value of approxi-
mately 1.0 second. The actual time constants were found to vary
from 1.4 seconds at 10,000 feet to 3.1 secomnds at 30,000 feet.

2. The dynemlic response of the engine-propeller cambination
was found to be free from any gross dynamlc ncmlinearities for a
range of fuel-flow changes corresponding to engine-speed changes
representing epproximately 20 percent of the angine—operating-speed
range 1n the steady state.

66%1
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3. The dynamlc response of the comblnaition as found by the
frequency-response runs yielded time constants, that were In good
agreement wlth those camputed from the polar moments of inertia
and the slopes of the steady-state-performance curves. From this
agreement, the dynamic response at any altltude could be predicted
from either a dynamic test or the steady~state-performance charac-
teristics at a single altitude.

4. The dynemic respohse attribuied to the propelier was found
to genseralize for pressure altitude and to be in good agreement
wlth that computed from the steady-state slopes. The corrected
time constent of the propeller was found to be approximately
0.36 second. .

5. A single run yielded the dynamlc response of the engine-
propeller combination and of the propeller slone. From these
responses, the dynemic response of the engine alone was synbtheslzed
andé the corrected time constent of 2.4 seconds was found to agree
wlth that determined Ffrom the torque-speed slopes.

Lewis Flight Propulsion lLaboratory,
Natlional Advisory Camlttee for Aeronautics, .
Cleveland, Ohio.

2l
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APPENDIX A
SYMBOLS
The following symbols are used in this report:
I polar moment of—inertia (referred to engine speed),
slug-ftz
N engine speed, rad/sec
differential operator, d/dt
Q torque (referred to engine speed), lb-ft
t time, sec
We fuel flow, 1b/hr
We, corr corrected fuel flow, 1b/hr
B blade angle, deg
‘A incremental change from steady state
& pressure corrsction factor, NACAagzisgzrgtzzifiE::isure
pressure
e temperature correction factor,
ambient static temperature
NACA standard sea-level temperature
T time constant, sec
w frequency, rad/sec
Subscripts:
c engine-propeller combination
e engine . _ ' ,
be) propeller
8 ghaft

66£T
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APPENDIX B

DERIVATION OF DYNAMIC-RESPONSE EQUATIONS
AND TIME CONSTANTS

The dynamic responses end the tlme constants are developed
from the assumptionse presented in the sectlon "ANALYSIS", Three
torques must be considered in the derivation, (1) that developed
by the sngine itself, (2) that of the propeller, amd (3) the shaft,
or measured, torgue.

The engine torque ls assumed to bs a function of fuel flow and

apeed; the propeller torque iz assumed to be a function of blade
angle and speed.

Qe = Qo (Wz,N) (B1)
Qp = Qp(B,N) (82)

More explicitly, equations (Bl) and (B2) when linedrized for
incremental excursions asbout & steady-state point can be written

a8
] 3%) i (6%)
AQg = ( Sie NAwf = waN (B3)
and
m'9
AQ, = ('EB—)NAB + (%)BAN (B4)

where the subscripts on the partial derivatlves indicabe the constant
factor, and the signs are determined by the physical nature of the
partial derivative.

The dlfference bstween englne torque and shaft torque accel-
erates the engine; thersfore,

Q-9 = I %% (B5)
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If only incremental changes in engine and shaft torque are considered
equation (B5) may be written as

8Qe-0Qg = Tg ‘(%N (86)

Substltution of equation (Bl) in equation (B4) ylelds
s dAN
AQ, = —} AW AN -~ I — B7
s ( ) T~ ( ) e at ( )

At constent fuel flow, substituting p for é% in equation (B7)
(reference 4) and rearranging terms yield

(#),. = = (o)

= + I
ON )wf of

Equation (B8) represents the dynamic response of the engine alone.
The time constant of the engine i1s given by

I
Ty = T | (B9)
Re
(_az'v_

The difference between shaft torque and propeller torgque accel-
erates the propeller. If the incremental chenges in propeller and
shaft torque are considered, this difference can be written as

AN
AQE-AQP = IP -d—t : (BLO)
If equations (B4) and (B1O) are combined,

AQ (ﬁ) AB + (B—QE)BAN + I, %13 (B1l) |

oB oN

86¢T
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which at constent blade angle can be reduced and rearranged to

(B12)

(AQS)B =(%2'1ng + I,p

by again substituting p for d/ﬁt. Equation (Bl2) represents the
dynamic response of the propeller; the time constant of the propeller
is

;= (813)

oN /B

Equations (B7) and (Bll) are expressiomns for shaft torque, which
are equal 1f all torgques and speeds are referred to englne spsed by
multiplication by the proper function of gear ratlo. Therefore,

(-:-3—6) Awf-(%%‘i) M-Ied—glg=(a—:E)AB +(%;E-)AN+IPM
T/ We By B v

(B14)
At constant blade angle, by substituting p for d/fdt and
rearranging terms,
AN) x (B15)
+ + -+
N Wf . oN <] e Ip P
Equation (B1l5) represents the dynamic response of the engine-
propeller combinatlon, with a corresponding time constant of
I+
o*p : (B16)

R
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If in equations (B3) to (B1l6) corrected values of torque (Q/3),
speed (NA6 ), and fuel flow (wf/bV5) are used, the corrected
dynamic responses and time constants will be:

For the engine alone,

AN/AB _ -1
(AQS Q) Ve corr B ( R /5 i (B17)

Iep
N/ 2 f,corr
and
(] I
—_—= 18
e ,V'é' m'e /5) (B )
WAe, W, corr
For the propeller alone,
B19)
( /a) (ﬁ/ﬁ) (
SNA6/
and
I

o % = (ﬁﬁ-(a) (820)
aN/‘VG_B

and for ths englne-propeller combination,

20/t )
NE ) e /o0y e
(Ai/ajg)ﬁ (-‘E’a%%; ?,corr ' (%;é)ai (Tg+Ip)p o

66£T
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and -
._5. _ Ie"‘lp
To 5" &a NER (v22)
. aN/'VG_ Wr, corr aNm B8

Equations (B8), (B12), (B15), (B17), (B19), end (B21l) may be
normelized by dividing each by the value of the response at zero
frequency. .

The dynamic characteristics of the engine, the propeller, or
the combination can be determined from the dynamic responses of the
other two. As an example of this synthesizing process, the expres-

sion for the dynamic characteristice of the engine sre found from
those of the propeller alone end the engine-propeller combination.

Equations (Bl2) and (B1l5) can be written as

) &) ()6 e

(5., 3, @)t (3, @ e

(B24)
Subtracting equation (B23) from (B24)
aWe) (R ) AQgy (aQe)
(@-)B (aTE'N (5, - Ty SR (529)
or _
) () (8- (), A1), (3) - (3)
(—AT)B(W?)N- —Eﬁ— |3= '51?2 Wf+ Ff wf+ % Te~ B—BQI\? BTP P
' ' (B26)

27
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The right-hand side of equation (B25) is the negative recipi'ocal of
the engine response (equation (B8)). Therefore, equation (B26) can
be written as

CRC SR
where
[(%)Wf i (%%)a] Te " (%)BTP
Te = (%QNﬁ) (828)
We

and where T, 1s the synthesized time constant of the engine. In
corrected form this time congtant becomes

(28, CR)%-GR%

66€1

ON/Ne/g | N6 \om G
2. e carr 2 VYO e Ve (B29)
" (5@
aN/'VG_ wf, corr
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. Mlagure 1, ~ Ingtallation of turbine-propeller englne in altitude wind tumsl.
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Figure 2, ~ Schematio dlagrem of turblne-propeller engine showing locatlon of instrumentation stations.
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Figure 5. ~ Schematic disgram of fusl system used for dynamic investigation of turbine-propeller sngine.
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Formalised amplituds responss of engins-propsller sombination

1.0

y- |
v _
A~ Peak—to-peak
-7 ) y g fuel-flow
4 N . amplitude
N (1v/hr)
5 f 4 100
| a v z00
N, !
.\
” | \v\
.2 \ﬁ\
R
a N\
N
.07 7 \\
N
.Oﬁ
o4 08 07 a1 .2 .5 S LT 1.0 £.0 5.0 5.0 7.0 10

Pruquanay, Radians/sec

Pigure )1, - Effact of input amplitude on normalised amplituds msponss of engirse-propsllear combimmtlon, engine spsed to fuel
flow, at a pressure altitude of 20,000 feet.

86T

oy

¥2r05H WH VOVN



Hermalized amplitude response of angine-prapellar-aombinntinn
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Flgure 12, = Variation of dynamio response of engina-propeller coubination, engine speed to fusl flow,

with altitude,
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Figure 12, - Continued, Variation of dynamio response of engine-propeller combi-
nation, engine speed to fuel flow, with altitude,
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Figure 12, - Concluded, Varlation of dynamic response of engine-propeller

combination, engine speed to fuel flow, with altitude,
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Normallged amplitude response of englne-propeller combination
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Figure 13, ~ Dymmmic response of engine-propeller combination as funstion of altitude—corrected frequency,
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Pigure 13, - Concluded,

Dynamic response of engine-propeller

combination as a function of altitude—~corrected frequency.
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Figure 14, -~ Varlation of dynamic response of propeller, engine

speed to shaft torque, with'altitude,
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Flgure 14 - Coneluded, Variation of dynamic response of propeller, engine

speed to shaft torque, with altitude,
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Figurs 18, — Dynamic responee of propeller, engine Iﬁeed to shaft torque, as function of altitude-—sorrested fragusncy,
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Flgure 18, - Concluded. Dynamie responee of propsller, engine speed to shaft torque, as

functlion of altitude-corrected frequency.
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